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Comparative alignment of the 3′untranslated regions (3′UTRs) of tick-borne flaviviruses has previously revealed short direct repeat sequences
about 25–70 nucleotides long [Gritsun, T.S., Venugopal, K., Zanotto, P.M., Mikhailov, M.V., Sall, A.A., Holmes, E.C., Polkinghorne, I., Frolova,
T.V., Pogodina, V.V., Lashkevich, V.A., Gould, E.A., 1997. Complete sequence of two tick-borne flaviviruses isolated from Siberia and the UK:
analysis and significance of the 5′ and 3′-UTRs. Virus Res. 49 (1) 27–39; Wallner, G., Mandl, C.W., Kunz, C., Heinz, F.X., 1995. The flavivirus
3′-noncoding region: extensive size heterogeneity independent of evolutionary relationships among strains of tick-borne encephalitis virus.
Virology, 213 (1) 169–178]. We now show that these short sequences appear to have originated from longer repeat sequences (LRSs) that are
present both in the 3′UTR and the open reading frame of the genome. We propose that the 3′UTR, and possibly the open reading frame, evolved
through multiple duplications, deletions and mutations of a primordial sequence element.
© 2006 Elsevier Inc. All rights reserved.Keywords: Tick-borne flaviviruses; Direct repeats; Untranslated regions; 3′UTRIntroduction
The tick-borne flaviviruses (TBFV) represent one of four
major ecological groups in the genus Flavivirus (family
Flaviviridae) (Heinz et al., 2000). They are particularly
prevalent in Europe and Russia where they cause significant
morbidity and mortality (Gritsun et al., 2003). Also included in
the genus are the mosquito-borne flaviviruses (MBFV), the no
known vector (NKV) flaviviruses and three tentative flavivirus
species, termed the non-classified flaviviruses (NCFV). The
flaviviruses are small (50 nm) enveloped viruses with single-
stranded positive-sense RNA genomes of about 11,000
nucleotides. The open reading frame (ORF) encodes three
structural and seven non-structural proteins, the latter compris-
ing the viral RNA polymerase complex. The ORF is flanked by
untranslated regions (UTRs), 5′UTR and 3′UTR, which form
complex RNA structures that interact with RNA polymerase to
initiate viral RNA synthesis. The 3′UTRs of flaviviruses (about
400–700 nucleotide long) have attracted much scientific
interest because genetic modifications within these regions are⁎ Corresponding author. Fax: +44 1865 281 696.
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doi:10.1016/j.virol.2006.03.002known to attenuate the viruses without altering their antigenic
specificity, making these regions potential targets for live-
attenuated vaccines and/or for antivirals. One of the many
puzzling features within the 3′UTR is the presence of short (20–
70 nucleotides long) direct repeat sequences that are conserved
for each flavivirus group or subgroup (reviewed in Markoff,
2003). Four R1 repeats, two R2 repeats and two R3 repeats,
approximately 23, 26 and 70 nucleotides long, respectively,
apparently arranged randomly, have been described in the 3′
UTR of the TBFV (Wallner et al., 1995). In this paper, we
demonstrate that these short repeats originate from at least six
long repeat sequences (LRSs) approximately 200 nucleotides in
length, arranged in tandem. Four of these LRSs are present in
the 3′UTR and two in the 3′ region of the open reading frame
(ORF). We propose that evolution of the 3′UTR and probably
the ORF occurred through multiple duplication of LRSs that
form the basis for the development of the functionally essential
secondary RNA structures.
Methods and results
Initially, the 3′UTRs of all available TBFV sequences were
aligned using ClustalX (Thompson et al., 1997) and the
270 Rapid Communicationalignment was then refined manually (Fig. 1). To identify the
internal homologous regions along the 3′UTR, the sequences
that were previously identified as randomly located repeat
elements, i.e., the four R1, two R2, two R3 and DR1/DR2
(Gritsun et al., 1997; Wallner et al., 1995), were used as
anchors and gaps were introduced manually to align
homologous regions between them. Figs. 1 and 2 demonstrate
the tandem arrangement of the LRSs that are placed
sequentially under each other in descending order of
nucleotide identity. As was established previously, many
flaviviruses have large deletions starting from the stop codon
towards the 3′ end (Fig. 1). These deletions were previously
shown to have arisen only during the serial passage of these
viruses under laboratory conditions, and freshly isolated
viruses without deletions present an intact 3′UTR (Hayasaka
et al., 2001; Wallner et al., 1995).
Referring to Fig. 1, each LRS contains the recognized
(Wallner et al., 1995) sequence elements R3 + R2 + R1 arranged
in tandem, plus additional sequence, designated herein as R4.
Two previously described direct repeats DR1 and DR2 (Gritsun
et al., 1997) are also identified as part of the R3 sequences (Fig.
1). Each LRS therefore contains R3 + R2 + R1 + R4 and is
approximately 200 nucleotides long. Four of these LRSs have
now been identified in the 3′UTR and two in the upstream
region of the NS5 gene. Different LRSs were not an exact copy
of each other, and in some regions, the alignment was not easily
recognizable. However, the homologous nucleotide regions
were interrupted by more divergent regions that might represent
remnants of sequence that were present in early forms of the
LRS.
Another interesting observation was that the region
corresponding to R1 + R4 was duplicated 5 times, resulting in
the formation of 6 repeat elements revealed by introducing
multiple gaps (Fig. 1). Additionally, the region of sequence
located between LRS5 and LRS4 could not be aligned robustly
with any of the LRSs, although a few short homologous regions
were identified (“not aligned” in Fig. 1).
To understand whether or not the LRSs are functionally
significant, the boundaries of the secondary RNA structures
predicted for the TBFV (Gritsun et al., 1997; Proutski et al.,
1997; Rauscher et al., 1997) were superimposed on the
alignments (Figs. 1 and 2). Starting at the 3′ end of the UTR,
there is a long stable hairpin (3′LSH) that is conformationally
conserved between all flaviviruses. It contains an exposed
conserved pentanucleotide CACAG as part of the terminal loop
(Brinton et al., 1986; Proutski et al., 1997). The sequence of 3′
LSH overlaps with the cyclization sequence that interacts with
the 5′UTR and initiates viral RNA transcription (Khromykh et
al., 2001; You et al., 2001). The boundaries of the 3′LSH
coincided precisely with those of LRS1 (Figs. 1 and 2).
The second RNA structure, upstream of the 5′ end that
occupied nearly the entire LRS, is the Y-shaped structure,
described for the TBFVand also for the distantly related lineage
of the NKV (Charlier et al., 2002; Gritsun et al., 1997; Proutski
et al., 1997; Rauscher et al., 1997). It exposes the conserved
loops 4 and 3 and was interpreted as a dumbbell (DB)-likestructure, similar to those in the mosquito-borne flaviviruses
(Olsthoorn and Bol, 2001). The boundaries of the Y-shaped
structure coincided quite closely with those of the LRS2 (Figs. 1
and 2). Similarly, the boundaries of the second Y-shaped
structure identified for all TBFV (Gritsun et al., 1997; Proutski
et al., 1997; Rauscher et al., 1997) coincided quite well with
those of the LRS3.
Additional features included in the alignment were the
experimental identification of the boundaries between viable
and non-viable viruses (Mandl et al., 1998; Pletnev, 2001).
These published experiments included progressive deletions
in infectious clones of TBFV from the stop codon towards the
3′ end; they determined the minimal size of the 3′UTR region
that provides a promoter function for viral RNA replication.
The region of the 3′UTR between the stop codon and the
promoter was previously identified as an enhancer (Proutski
et al., 1999), deletion of which did not result in the loss of
virus infectivity although it reduced the virus replication rate
(Mandl et al., 1998; Pletnev, 2001). The boundaries between
the promoter and enhancer for TBFV were located very close
to the boundaries between the LRS3 and LRS4 (Fig. 1).
Discussion
Short conserved sequences and their direct repeats (CS and
RCS, ∼25–70 nucleotides) have been identified in the 3′UTR
of the four related flavivirus groups, i.e., MBFV, TBFV, NKV
and NCFV (Charlier et al., 2002; Crabtree et al., 2003; Gritsun
et al., 1997; Hahn et al., 1987; Wallner et al., 1995), but their
precise function has not been established. Experiments
involving deletion of CS and RCS in the MBFV demonstrated
that they are not essential for virus viability (Bredenbeek et al.,
2003; Men et al., 1996), although the non-mutated parent virus
replicated at a higher rate. Similarly for the TBFV, mutants with
deletions in some conserved regions of the 3′UTR exhibited
slower rates of replication in comparison with the wild type
parent virus (Mandl et al., 1998; Pletnev, 2001). On the other
hand, high conservation of CS and RCS indicates that they
might provide a signaling function essential for virus survival in
the wild (not in laboratory cell systems) where a high replication
rate might be a vital factor for transmission and/or dissemina-
tion (Gritsun et al., in press).
Several other RNA viruses are known to possess repeat
sequences within their genomes (Warren and Murphy, 2003).
Such repeats may represent regions within UTRs where the
RNA polymerase detaches from templates during RNA syn-
thesis or re-attaches to the same template downstream (gene-
ration of deletion) or upstream (generation of repeat) of the point
of initial detachment (copy-choice mechanism or strand slip-
page) (Pilipenko et al., 1995). One can imagine that these
stretches of repeated sequence subsequently evolved by point
mutations, deletions and insertions, leading to the development
of new secondary RNA structures essential for virus adaptation
to new hosts.
While point mutations do undoubtedly affect protein func-
tion, it is also recognized that the deletion of extended regions of
RNA in the 3′UTR does not necessarily result in the loss of
Fig. 1.
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Fig. 1 (continued).
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Fig. 2. Scheme illustrating the predicted development of the 3′UTR of the TBFV group from six LRSs as deduced from Fig. 1. The continuous TBFV 3′UTR sequence
was subdivided into six LRSs that are placed under each other in descending order of nucleotide identity. Individual elements of each LRS, i.e., R3, R2, R1 and R4, are
shown in bars shadowed as specified. The elements of the RNA secondary structures are depicted and placed accordingly. The numbers on the right-hand side specify
nucleotide positions in the genome of TBFV OshiI-1 (accession number AB049391).
273Rapid Communicationvirus viability. Thus, quite extensive molecular perturbations
such as deletions might contribute significantly, in conjunction
with the substitution process, to the evolution of the UTRs. This
contrasts with the ORF where evolution proceeds primarily by
substitution. One can imagine that the homologous, but
distantly located regions have originated from a single precursor
sequence, and this could explain why the introduction of large
and many small gaps was necessary to reveal the sequence
homology.
The relatively high level of conservation of the TBFV
group, in comparison with other flavivirus groups, enabled
identification of traces or sequence remnants of early
development of the 3′UTR from the ORF as six imperfectlyFig. 1. Alignment of long repeat sequences (LRSs) in the NS5-3′UTR region of the
orange = C and green = A). Numbers at the end of each line of the alignment show th
the stop codon. For convenience, the polyA tract present in several TBEV strains w
represented by strains IR99-1m4 and OshiI-1. The repeated sequences R1, R1′, R2, R
al., 1995) are specified, and their boundaries are shown by arrows. An additional repe
alignment of the 3′UTR instead of Za virus because IR99-1m4 has an intact 3′UTR bu
the visualization of repeat sequence elements. Sequences on the top of the second pa
depicted, and their position is conditional (specified as “not aligned”). The linear seq
conserved pentanucleotide CACAG (Brinton et al., 1986; Charlier et al., 2002). Som
1997; Proutski et al., 1997; Rauscher et al., 1997), namely the terminal 3′-long stable
and 4, second Y-shaped structure with loops 7 and 8 and also loops 5 and 6 that expose
that were established experimentally by progressive deletions introduced into the inf
online as supplemental material.repeated LRSs. Additionally, six other shorter repeats were
also demonstrated (R1 + R4 in Figs. 1 and 2). One can
speculate that the primordial sequence of the TBFV did not
have a complex long 3′UTR. Indeed, perhaps it did not have
a 3′UTR at all in the form that we understand it today. Early
in the evolution of these viruses, the function of the 3′UTR
might have overlapped with the function of the ORF. Thus,
the terminal region of the ORF consisting of approximately
200 nucleotides could have encoded a part of the viral RNA
polymerase. It could also have interacted with the viral and
cellular proteins of the polymerase complex to initiate viral
replication. However, since the LRS1 that encodes the 3′
LSH aligns quite poorly with the other LRSs, both in lengthTBFV. A color scheme is used to identify the nucleotides (blue = G, red = T,
e genome enumeration, and numbers in square brackets show enumeration after
as removed and its position is shown as “polyA”; the presumed intact 3′UTR is
3 and DR1/DR2 that were described previously (Gritsun et al., 1997; Wallner et
at element is specified as R4. The sequence of IR99-1m4 virus was used for the
t lacks the sequence of the NS5 region. Vertical lines were introduced to facilitate
ge (numbers 220–292 of IR99-1m4) were not aligned with any other sequences
uences annotated on the alignment include stop codon, cyclization sequence and
e elements of the secondary structures were also superimposed (Gritsun et al.,
hairpin (3′LSH), stem-loop 2 (SL2), Y-shaped structure with conserved loops 3
sequences of SL5 and SL6. The boundaries between viable and non-viable virus
ectious clone (Mandl et al., 1998; Pletnev, 2001) are specified. Figure available
274 Rapid Communicationand sequence, an alternative possibility is that the primordial
flavivirus 3′UTR consisted of only a 3′LSH that also
functioned in cyclization of the virus genome and initiated
virus replication. Indirect evidence for this comes from the
experiments on engineering of the deletions within the 3′
UTR of the MBFV; the recombinant virus with only a 3′
LSH retained viability, although with reduced infectivity and
only in mosquito cells (Men et al., 1996).
It appears that multiple duplication of the terminal region
of the ORF was the major event that shaped the evolution of
the TBFV genome. It is not clear if this process occurred
once, with the formation of 6 or even more LRSs, or if it
occurred twice since the sequences in each pair LRS6/LRS5
and LRS4/LRS3 are more closely related to each other than
they are to the other pair. The second smaller duplication
event (the duplication of the R1 + R4 repeat) appears to have
occurred more recently since the region R1 + R4 is found in
LRS5. The selection of an archival precursor, with an
elongated 3′UTR, was probably advantageous for the virus
because the dissociation of function of the 3′UTR from the
function of the ORF provided more flexibility for the
independent development of both and increased the adapt-
ation potential of the virus to a wide range of hosts.
The reason for preservation of the LRSs presumably
reflects the relatively slower evolution rate of the TBFV
compared with the MBFV due to their association with the
transtadially quiescent Ixodes spp., tick host, its limited
seasonal feeding activity and its capacity to transmit TBFV
non-viremically. In contrast, the evolution of the biologically
more dynamic MBFV group might be expected to be
associated with more extensive mutagenesis (Gould et al.,
2003; Gritsun et al., 1995). For these reasons, only short CS/
RCSs that could represent evolutionary remnants of previous-
ly more extensive homology were preserved in the MBFV
group (manuscript in preparation).
The major driving force behind the evolution of the TBFV
3′UTR was probably the preservation of the RNA secondary
structures that have been defined in the 3′UTR (Gritsun et al.,
1997; Proutski et al., 1997; Rauscher et al., 1997). In theory, if
a single LRS was the basic unit for further duplication during
the evolution of the TBFV, then it effectively encoded a
primordial RNA structure. Subsequently, after duplication, it
evolved a variety of secondary structures with specialized
functions including specific signals, such as the CS/RCS that
are involved in various molecular interactions. This hypothesis
is supported by the observation that the boundary of each LRS
virtually coincides with the boundaries of the secondary
structures predicted for the TBFV and with boundaries
between promoter/enhancer (Figs. 1 and 2). It is possible
that the primordial RNA structure had a Y-shaped conforma-
tion since two of them have been described for the TBFV and
NKV (Charlier et al., 2002; Gritsun et al., 1997) (Figs. 1 and 2)
and later it was transformed into a variety of conformations in
other virus groups.
In conclusion, we believe that we have demonstrated that the
3′UTR of the TBFV was formed as the result of multiple
duplications of a single sequence approximately 200 nucleotideslong located at the 3′ end of the ORF. Although this research has
focused on the TBFV, these observations may have greater
significance since they imply that repeat elements, specific for,
or common to, each flavivirus group may have developed from
longer tandem duplicates. Further evidence to support this
suggestion is currently being analyzed (manuscript in
preparation).Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.virol.2006.03.002.
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